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Chapter 1

INTRODUCTION

The purpose of this study is to investigate the noise radiated by various louver

designs. A louver is essentially a cascade of small airfoils, operating at the same

angle of attack. Louvers are commonly used in heating, ventilation, and air

conditioning (HVAC) systems to provide directional control of the exit airflow.

The HVAC system of an automobile can be a significant source of acoustic

annoyance. Louvers are typically placed in the near field of the driver and passenger

and can be major contributors to the overall interior noise level. In this study,

thirteen representative dashboard registers used in automotive HVAC applications are

considered. These regi,'ters vary in airfoil shape, number of airfoils, number of

support struts, inlet and outlet sizes, and other physical parameters. The research

documented in this thesis is directed toward a better understanding of the parameters

that significantly affect the amount of noise generated by a louver.

1.1 Background and Research Objectives

In many applications, it is the trailing edge that is responsible for most of the

noise radiation from small airfoils at low flow velocities. Sound generation from the

trailing edge of an airfoil typically takes two forms: (1) tonal sound which is
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associated with laminar flow over airfoils and (2) broadband noise which is due to

the convection of upstream turbulent flow past the trailing edge.' The geometry of

the leading and trailing edges and the angle of attack influence the type of flow over

the surface, and therefore, the type of acoustic radiation emitted by the airfoil.

Turbulence in the inflow, wake, or turbulent boundary layer creates

relatively inefficient quadrupole radiation; however, as this turbulence interacts with

the leading or trailing edges of an airfoil, quadrupole source components of the

turbulent pressure fluctuations are converted to more efficient dipole radiators.'

The Reynolds number (R,) based on airfoil chord length, c, and free-stream

velocity, U, is defined by Uc/P, where P is the kinematic viscosity of air. If R, is

smaller than 2 X 10', then the flow entering the trailing edge (TE) region will be

laminar. At low &c, laminar boundary layers develop whose instabilities result in

vortex shedding and associated noise from the trailing edge. Vortex shedding will

also occur in the small separated flow region downstream of a blunt trailing edge.'

The noise from the trailing edge will be tonal in nature due to a Helmholtz instability

in the periodic wake vorticity. The frequency of which maximum radiation occurs

will scale as a Strouhal number. The Strouhal number is defined as: fl/U. The

length scale, 1, can be defined as 5, for sharp trailing edges or h, the trailing edge

thickness for blunt terminations. As the angle of attack increases, local flow

separation will occur on the airfoil and the tonal nature of the radiation disappears

and the sound becomes broadband in character.
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The noise radiated from a cascade is more complicated than simply the sum

of the emissions from N independent airfoils, where N is the number of foils in the

cascade. The complication arises because of blade-to-blade interactions and

increasing blockage (solidity) as N gets large. The turbulence structure over the

individual blades may be altered as the solidity increases, which will have an effect

on the aerodynamic noise produced.

Registers are used in automotive HVAC systems to control the amount and

direction of air flow. Registers are typically made up of a louver installed in a

plastic housing. The housing provides an aesthetically pleasing mount for the louvers

and may also be equipped with an air shut-off door to further control the amount of

flow. Structural support struts for the louvers may be placed in front of the louvers.

The number of louvers and shape of the airfoils in the cascade vary. Louvers may

have two sets of cascades (dual vane), placed at 90* to each other, to provide control

of the flow in two directions.

The primary objective of this study is to determine the spectrum of radiated

noise from the registers under various independent operating conditions (e.g. free-

stream velocity, number of airfoils, and airfoil shape). This is applied research with

a goal of understanding the sound generating mechanisms well enough, so that noise

control methods can be implemented. The interpretations and conclusions are based

on only one angle of attack, zero degrees.
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1.2 Organization of Thesis

Chapter 2 describes the facility and instrumentation used to measure the noise

radiated by the louvers. The data acquisition and signal processing procedures, along

with computer based programs used to process the data, are reported. Validation

properties of the facility are reported in the form of open jet data and signal-to-noise

measurements.

Chapter 3 contains physical descriptions of the registers along with the results

of the acoustical measurements. The acoustical measurements are presented in the

form of Power Spectral Densities (PSD) and Overall Sound Pressure Levels

(OASPL).

In Chapter 4 the experimental data from Chapter 3 are interpreted. Scaling

laws and correlations between the acoustics and the physical parameters of the

registers are established. Conclusions and recommendations for further testing are

presented in Chapter 5.



Chapter 2

EXPERIMENTAL PROCEDURE

The experimental setup is described in detail in this chapter. The electronic

hardware used and the measurement procedures employed are fully documented,

including sensor calibration and digital data acquisition and processing techniques.

Signal-to-noise measurements and open jet data ar: reported for the facility validity

check.

2.1 Description of the Facility

Figure 2.1 shows a sketch of the experimental set-up. Testing was conducted

in the ARL Penn State Flow-Through Anechoic Chamber. The anechoic chamber is

reflection free down to 70 Hz.' A portable wire mesh floor was designed to support

the test apparatus above the fiberglass wedges located on the ground floor.

Airflow is supplied by a 20 HP centrifugal blower situated outside the

anechoic chamber and contained within a sound isolation box. The inlet to the

blower is acoustically treated by use of a commercial muffler. As sketched in Figure

2.1, a 4 inch flexible air hose connects the air source to another plenum box inside

the anechoic chamber. This plenum box eliminates all turbulence in the approach

5
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stream (due to its large volume) and provides two acoustically-treated baffles to

attenuate the blower noise.

At the exit of the plenum box, investigators have the option of placing the

louver vent directly within the opening (circular orifice), or adding pipe and

turbulence screens for the study of turbulence ingestion noise. For this study, the

louvers were placed directly within the plenum exit orifice. Each louver had a

separate face-plate form fitted to its contours. This face plate was bolted onto the

plenum box, over the exit orifice.

The blower speed is controlled by a three-phase inverter, allowing flow

velocities at the plenum exit to be set to any value between 4.9 and 34 m/s. Inlet

flow velocities provided to the louver designs were based on typical automotive

operating conditions. Seven inflow velocities were chosen to determine scaling

relationships and limit the scope of the experiment. These seven velocities are as

follows: 5.17, 5.73, 6.27, 6.81, 7.35, 7.89, and 8.43 rn/s. The velocity is

measured with a Pitot-static pressure probe. The flow rates were established from

probe scans across the open jet orifice without the louver installed.

2.2 Instrumentation

A 1/2 inch B&K mic, ophone (Type 4133) was situated 45* off the centerline

of the exit and at 1 meter from the plane of the register. 40 dB of amplification
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was provided by an Ortec Differential AC Amplifier (Type 9454). A B&K piston

phone (Type 4220), which produced a level of 124 dB at 250 Hz at the face of the

microphone, was used to calibrate the microphone.

A Whittaker Corporation pressure transducer (Model KP15) was used to

measure the change in pressure sensed by the pitot tube. The pressure transducer

provided a DC voltage output to the data acquisition device. A computer program

was used to apply a calibration value to the DC voltage converting it to a change in

pressure. Bernoulli's equation was then applied to determine the air flow velocity,

measured at the plenum exit, in m/s.

2.3 Data Acquisition and Processing

Acoustic data acquisition was performed using a Zonic A&D, Inc,. System

7000, 8-channel parallel signal processor. A VAXstation 3100 computer controlled

the processor and performed the spectral computations using the Zonic Engineering

Test Analysis software (ZETA). Data were taken at a 12.8 kI-z sampling rate which

provides for spectral estimates up to 5 kHz. A Hanning window was used for

spectral smoothing. Two hundred and fifty-six ensembles with a 50% overlap were

used in the spectral averaging. The effective analysis bandwidth (Bj was 6.25 Hz.
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Power spectral densities (PSD) were estimated by using 800 point Fourier

transforms. The PSDs computed by ZETA were saved onto a 3 1/4" floppy disk for

later analysis using Fortran based computer programs. The overall sound pressure

levels (OASPL) were calculated by performing an integration over the frequency bins

of interest.

The effective bandwidth (B,) and the number of averages (nd) can be used to

assess the statistical accuracy of the spectral measurements. According to Bendat and

Piersol,' the normalized random error is expressed as: e, = (l/nd)". The bias error

is negligible for B, = 6.25 Hz, unless pure tone components are present in the data.

No pure tones were observed in the data acquired.

A Fortran program written by a Penn State student, Paul Bent, is used to

interpret the acquired spectra. This program uses a method described by W. Neise,6

which uses the similarity laws for centrifugal fans developed by J. Weidemann? The

program separates the autospectrum into two components: G(He) and F(St), where

G(He) is an acoustic response function which depends on the geometry and structural

makeup of the system under study. This function includes acoustic scattering and its

dependence on Helmholtz number, He. The Helmholtz number is defined as: fl/c.

Where c is the speed of sound. The function F(St) is the source spectral distribution

function which depends on free-stream velocity through the Strouhal number, St.

The algorithm extracts Strouhal effects from the spectra allowing for an easier

interpretation of the results. The Appendix contains the Fortran code used along with

additional information on the procedure.
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2.4 Facility Validation

Figure 2.2 contains the PSDs at the 7 different flow velocities with no louver

at the exit of the plenum box. This open jet data scales to the 5.3 power of velocity,

based on overall levels. This scaling relationship is indicative of noise radiated from

a laminar flow nozzle.' Figure 2.3 is a comparison of the PSDs of the open jet

spectra and the spectra with a representative register (number 5) installed in the exit

orifice. A 10 dB signal-to-noise ratio is apparent for frequencies above 200 Hz.

This signal-to-noise ratio is consistent for all the louvers tested. The large energy

band at very low frequencies (below 500 Hz) is velocity dependent and is basically

jet or facility induced. This band of energy persists in the measured spectra

regardless of the number or geometry of the blades installed in the housing, and is

therefore considered unrelated to the aeroacoustics of the louvers under study.
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Chapter 3

EXPERIMENTAL RESULTS

For each of the registers evaluated, the experimental results are presented in

the form of Power Spectral Densities (PSDs) of the radiated sound pressure at the

measurement location, 1 meter from the face of the register and 45* off the centerline

of the exit. The spectra were acquired at seven different inflow velocities, typical

of automotive applications. The stock configuration was evaluated for each register.

Additional configurations were tested for register numbers 2, 3, 5, 8, 10, and 20.

Modifications were made to the number and shape of the airfoils and the condition

of the shut-off door and housing. The results of the multi-configuration tests are

presented first. The data acquired for the registers that remained unmodified are

presented at the end of the chapter. A photographic representation of each register

is provided along with a description of pertinent physical parameters.

From the 30 automotive registers supplied by the sponsor, 13 were selected

based on their unique differences, and on the ability to mount them in the test fixture.

This explains the non-sequential numbering of the registers. Table 3.1 is a listing of

the registers and some of their physical parameters including inlet/outlet area, leading

and trailing edge thicknesses, chord and span lengths.

13
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Table 3.1 Physical Parameters of the Registers.

NO. DESCRIPTION OUTLET VANE/STRUT DIMENSIONS
V S /INLET. (Mm)
A T AREA•N R THICKNESS
N RU c 2  SPAN CHORD

ST T.E. L.E.

2 DUAL VANE 7 5 57.75 73.0 15.0 0.5 3.0
48.98 73.0 16.0 1.5 2.0

3 BARREL 7 2 46.20 42.0 22.0 0.5 3.0
51.70 112.0 7.0 2.0 2.0

5 CIRCULAR 4 0 52.80 82.0 26.0 2.0 2.0

7 DUAL VANE 5 5 63.75 42.0 17.0 3.0 3.0
19.25 83.0 15.0 2.0 2.0

8 DUAL VANE 6 5 63.13 58.0 19.0 1.0 1.0
61.36 100.0 17.0 1.5 2.0

9 DUAL VANE 5 5 51.00 75.0 14.0 3.0 3.0
62.90 58.0 18.0 3.0 3.0

10 BARREL 7 2 44.80 22.0 37.0 2.0 3.0
54.61 114.0 8.0 3.0 3.0

14 BARREL 3 6 51.00 70.0 23.0 2.0 2.0
51.00 60.0 20.0 2.0 2.0

15 BARREL 5 0 24.00 30.0 17.0 1.0 1.0
24.00

16 BARREL 10 2 49.14 30.0 20.0 1.0 3.0
49.14 107.0 8.0 1.0 1.0

17 BARREL 3 2 26.68 58.0 21.0 0.5 2.0
26.68 42.0 13.0 2.0 2.0

20 SQUARE 3 3 26.00 50.0 25.0 2.0 3.0
BARREL 42.24 50.0 12.0 2.0 2.0

30 BARREL 5 0 20.44 27.0 16.0 1.0 1.0
20.44
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3.1 Register 2

Register 2 is a dual vane type of register, meaning both the vertical and

horizontal airfoils are adjustable. The register has an air shut-off door consisting of

two rectangular pieces of plastic with a thin piece of acoustic foam between them.

The rearmost airfoils have blunt leading and trailing edges. The forward airfoils

have blunt leading edges and very sharp trailing edges. Figure 3.1 is a photograph

of this register. The register was evaluated with and without the shut-off door.

Figure 3.2 are the PSDs acquired for the stock register and Figure 3.3 are the

PSDs of the register with the shut-off door removed. Both sets of data scale to the

6.6 power of velocity. Figure 3.4 is a comparison of the two configurations at an

inflow velocity of 5.26 m/s. It can be seen that the shut-off door causes an increase

of 3 to 5 dB in the energy bands centered around 1300 and 4300 Hz. However,

removing the door caused a velocity independent peak to shift from 2100 Hz to 2500

Hz.

3.2 Register 3

This register is a barrel type. It has seven airfoils and two support struts. It

has an air shut-off door consisting of two plastic pieces with acoustic foam between
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Figure 3.1 Photograph of Register 2.
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them. The shut-off door also has a rectangular cavity on each side. The airfoils

have blunt leading edges with a notch and very sharp trailing edges. The struts have

blunt leading and trailing edges of the same width (2 mm). Figure 3.5 is a

photograph of this register.

Eight configurations were evaluated: (1) Stock, (2) Stock - without shut-off

door, (3) Stock - with shut-off door with cavities filled in, (4) Housing only - with

shut-off door, (5) Housing only - without the shut-off door, (6) Louver only, (7)

Louver only, leading edge smoothed.

The spectra of the stock register scales to the 6.0 power of velocity. An

obvious velocity dependent peak is apparent from 400 to 600 Hz for the stock

configuration of the register (Figure 3.6). This peak disappears when the shut-off

door is removed (Figure 3.7). Figure 3.8 contains the F(St) function calculated for

the stock register using the thickness of the shut-off door as the length scale. The

velocity dependent peaks collapse to a Strouhal Number of 0.22. Figure 3.9 is a

comparison of the spectra of the stock register with and without the shut-off door

and with the cavity in the door filled in. As shown, filling the cavity on the door

shifts the velocity dependent peaks to higher frequencies, causing a shift in Strouhal

Number to 0.28 based on door thickness. Figure 3.9 also indicates that overall, the

stock register is the quietest of the configurations tested.
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Figure 3.5 Photograph of Register 3.
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Figure 3.10 contains the spectra acquired with the louver, without the

housing, installed in the test fixture. This was done by using a different face plate

which conformed to the louver's contours. This difference in inlet area increased the

velocity of the airflow over the airfoils. These data scale to the 6.0 power of

velocity. Figure 3.11 compares the stock louver acoustic signature to the one

acquired when the leading edges of the airfoils are smoothed. The smoothing of the

leading edges results in 1 to 2 dB noise reduction, except at very high frequencies.

Figure 3.12 compares the spectrum of the housing only to that of the louvers only

and the stock register. The housing generates noise that is consistently 8 to 10 dB

lower than the stock configuration. The addition of the housing increases the inlet

area causing a decrease in the airflow over the blades, which reduces the noise

generated by the louvers.

3.3 Register 5

Figure 3.13 is a photograph of register 5. A tie rod connects the four airfoils

together so that they pivot together through common angles. When the airfoils are

closed (900 angle of attack), each airfoil nests within steps molded in the adjacent

airfoil. Therefore, three of the four airfoils have a forward and rearward facing step.

A schematic of these airfoils is presented in Figure 3.14. The bottom most airfoil

is flat except for a *thumb tread" molded onto its surface. This tread consisted of

six ridges 1 mm high, spaced 2 mm apart.
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Figure 3.13 Photograph of Register 5.
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The following configurations of this register were evaluated: (1) Stock, (2)

Forward step smoothed, (3) Rearward step smoothed, (4) Both steps smoothed, (5)

Housing only, (6) Airfoils added one at a time to the housing, (7) Bottom airfoil

only, (8) Thumb ridges on bottom airfoil reduced to .5 mm., (9) Thumb ridges on

bottom airfoil spaced 3 mm apart.

Power spectra of the radiated acoustic pressure for the stock louver at the

seven different velocities are shown in Figure 3.15. These spectra scale with the 6.2

power of velocity. The effect of adding individual airfoils to the register at a free

stream velocity of 5.26 m/s is demonstrated in Figure 3.16. A pronounced narrow-

band component appears in the 2700 Hz range which is related to the bottom airfoil

of the vent. A closer examination of the noise radiated by this bottom airfoil is given

in Figure 3.17. The peak observed in Figure 3.16 is seen to be velocity dependent

and scales to a Strouhal Number of 0.38 based on the thickness of the trailing edge

of the airfoil as shown in Figure 3.18. Increasing the spacing between the thumb

ridges by 1 mm decreases the magnitude of the peaks and shifts them to the right as

shown in Figure 3.19. As a result, the Strouhal Number shifts to 0.43. Decreasing

the height of the ridges by 0.5 mm completely eliminates this peak (Figure 3.20).

Thus, the results suggest that the thumb ridges are the cause of the narrow-band

acoustic energy. Data for this configuration is available for only the first five

velocities.

The rearward and forward facing steps on the individual louver airfoils are

responsible for a considerable portion of the high-frequency radiated sound. This is
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demonstrated by comparing Figure 3.21 with Figure 3.15, where the data of Figure

3.21 were obtained for a modified register in which the steps -ere filled in with body

putty and sanded smooth. Noise reduction between 3 to 6 dB is achieved above 500

Hz. Further description of this particular register and its aeroacoustics may be found

in Reference 9.

3.4 Register 8

Register 8 is a dual airfoil register with six relatively short horizontal airfoils

and five long struts. The smaller airfoils are symmetric with a 1 mm thick leading

and trailing edge. The longer airfoils have a 2 mm thick leading edge and a 1.5 mm

thick trailing edge. Figure 3.22 is a photograph of this register with two of the

vertical airfoils removed.

The stock configuration of the register, along with the effect of adding

individual airfoils to the housing was evaluated.

Figure 3.23 contains the PSDs of the stock register. No large resonance

peaks were observed. A comparison between the noise with housing only and the

addition of individual airfoils is shown in Figure 3.24 at an inflow velocity of 5.26

m/s. The addition of one airfoil to the housing caused a 5 dB increase in the 3000

to 4500 Hz range. The addition of a second airfoil caused a 3 dB increase at 2300

Hz. The addition of the third airfoil caused a 3 dB increase from 1500 to 2500 Hz.

A very large increase is noticed at 2300 Hz. The forth airfoil caused a 5 dB increase



40

o
o
0

•m•eq@o

q

S........................ o •
L... •

I

S........... , ............ •. •

S............ : ......... • 0

t
0
0

,°,.°.°.°..°,..,, .. .... .s.o....,.°.. 0

• •

0 0 0 0 0 0

Z•O0• oJP



41

I

Figure 3.22 Photograph of Register 8.
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at 1000, 1600, and 3000 Hz. The addition of the fifth airfoil caused a very large

peak to occur at 1600 Hz. This peak is approximately 15 dB higher than the

previous spectra. The addition of the 6th airfoil caused no real difference in the

noise spectra. The addition of the first vertical airfoil also caused no real difference.

The addition of the second vertical airfoil significantly decreased the peak at 1600

Hz. A third vertical airfoil reduced the peak further. This peak became indiscernible

once all the airfoils were in place.

Further investigation into the peak at 1600 Hz showed that it is velocity

dependent (Figure 3.25). These peaks collapse approximately to a Strouhal Number

of .12 based on the trailing edge thickness of the horizontal airfoils (Figure 3.26).

The addition of the airfoils also affects the velocity scaling relationship. The

scaling relationship as each airfoil is added along with the effect on the Overall Sound

Pressure Level (at 5.26 m/s) is displayed in Table 3.2. It was observed that the

OASPL steadily increases with the addition of airfoils until the vertical airfoils were

added.

3.5 Register 10

Register 10 is a barrel type of register with seven airfoils and two support

struts. It has shut-off door comprised of two plastic pieces with a piece of foam

wedged between them. The leading and trailing edges of this register are relatively
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Table 3.2 OASPL and Velocity Scaling for Register 8 - Additive Airfoils

CONFIGURATION VELOCITY OASPL

EXPONENT

Housing Only 5.4 43.3

1 Airfoil 5.1 44.4

2 Airfoils 5.4 45.0

3 Airfoils 5.7 45.7

4 Airfoils 6.0 46.5

5 Airfoils 6.15 48.8

6 Airfoils 6.30 49.0

7 Airfoils (First Vertical Airfoil) 6.12 48.9

8 Airfoils 6.45 46.5

9 Airfoils 6.07 46.5

10 Airfoils 5.7 46.1

11 Airfoils (All Airfoils in Place) 6.3 47.0
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thick compared to the others. The airfoils have a 2 mm trailing edge and a 3 mm

leading edge. The support struts are 3 mm thick. Figure 3.27 is a photograph of the

register.

Three configurations were evaluated: (1) Stock, (2) Stock - shut-off door

cavity filled in, and (3) Stock - without the shut-off door.

Figure 3.28 contains the spectra acquired of the stock register. The spectra

scale to the 5.9 power of velocity. The influence of the shut-off door cavity on the

radiated noise was small as shown in Figure 3.29. The removal of the shut-off door

caused a 3 dB decrease in the noise levels from approximately 1400 to 1600 Hz.

3.6 Register 20

Register 20 is a square barrel type of register with three airfoils and three

support struts. The shut-off door is square with a piece of foam between the plastic

pieces. The airfoils have thick, rounded leading and trailing edges. The support

airfoils are 2 mm thick. Figure 3.30 is a photograph of this register.

Two configurations of this register were evaluated: (1) Stock, (2) Stock

without the shut-off door.
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Figure 3.27 Photograph of Register 10.
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Figure 3.30 Photograph of Register 20.
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Figure 3.31 are the PSDs collected for the stock configuration of register

number 20. The spectra scale to the 6.2 power of velocity. A definite velocity

dependent peak is noticed below 1000 Hz. This peak is not evident when the shut-off

door is removed (Figure 3.32), so it is related to the presence of the shut-off door.

These peaks collapse to a Strouhal Number of 0.20 using the thickness of the door

as the length scale. Figure 3.33 is the F(St) Function calculated for the stock

configuration of this register.

3.7 Unmodified Registers

Register 7 is a dual vane type register. This register has a very small inlet

area and an angled duct which forces the airflow to impede the louvers at a 450

angle. Figure 3.34 is a photograph of this register.

The PSDs acquired for register number 7 are presented in Figure 3.35. The

power spectra scale to the 6.6 power of velocity. A low frequency velocity

dependent peak is observed, which scales to a Strouhal Number of 0.25 using the

trailing edge thickness of the forward airfoil (3 mm) for the length scale.
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Figure 3.34 Photograph of Register 7
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Register 9 is a dual vane register. The leading and trailing edges of both sets

of airfoils are blunt. Figure 3.36 is a photograph of this register. Figure 3.37

contains the PSDs for the seven test velocities. The power spectra scale to the 6.0

power of velocity.

Register 14 is a barrel type of register with three airfoils and six immovable

struts. The leading and trailing edges of this register are rounded and thick. No

photograph is available for this register. Figure 3.38 contains the spectra acquired

for the stock register 14. These power spectra scale to the 6.0 power of velocity.

"A strong band of energy is noticed to exist around 1800 Hz.

Register 15 is a small barrel type of register with five airfoils and no struts.

"A photograph of this register is shown in Figure 3.39. Figure 3.40 are the PSDs

acquired for this register. A very definite resonance peak is apparent at 1800 Hz.

This peak becomes more prevalent as the velocity is increased. These broadband

power spectra scale to the 5.8 power of velocity.

Register 16 is a barrel type of register with ten airfoils and two support struts.

The airfoils have a thick rounded leading edge and a blunt trailing edge. Figure 3.41

is a photograph of this register. Figure 3.42 shows the PSDs collected for register

number 16. A moderately strong band of energy, independent of velocity, is

observed at 2400 Hz and 3600 Hz. The power spectra scale to the 5.6 power of

velocity.

Register 17 is a barrel type of register with three airfoils and two small

support struts. The airfoils have a blunt leading edge and a very sharp trailing edge.
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Figure 3.36 Photograph of Register 9.
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Figure 3.39 Photograph of Register 15.
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Figure 3.41 Photograph of Register 16.
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A photograph is presented in Figure 3.43. Figure 3.44 contains the PSDs collected

for register number 17. The spectra are broadband in nature and scale to the 5.7

power of velocity.

Register 30 is a small barrel type of register with five airfoils and no support

struts (Figure 3.45). The airfoils are symmetric with rounded leading and trailing

edges 1 mm thick. Figure 3.46 shows the PSDs collected for register 30. The

spectra scale to the 5.5 power of velocity. A velocity-dependent peak is observed for

the lower three velocities in the 2000 to 3000 Hz range, after which the broadband

noise of the louvers masks the peak. These peaks collapse to a Strouhal Number of

0.24 based on a length scale of I mm which is the airfoil thickness at the trailing

edge.
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Figure 3.43 Photograph of Register 17.
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Figure 3.45 Photograph of Register 30.
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Chapter 4

ANALYSIS OF EXPERIMENTAL RESULTS

In this chapter we will analyze the solidity effects, velocity scaling

dependence, and other physical parameters on the acoustic signature radiated by the

registers.

The longest chord on any of the registers is 37 mm (Register 1); therefore,

the maximum Reynolds Number achievable is 13,113. This is smaller than the

critical value of 2x1C$, and it is therefore assumed that the boundary layer at the

trailing edge region of each of the configurations tested is laminar.

4.1 Velocity Scaling

On the average, the spectra of the stock registers scaled to the 6 ' power of

velocity (based on overall levels). This is indicative of a dipole source, as is to be

expected from airfoil theory. This scaling law persisted regardless of the number of

airfoils and other physical obstructions present in the register.

72
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4.2 Strouhal and Geometry Dependence

Figure 4.1 is a comparison of the measured overall sound pressure level

(OASPL) for each register at an inflow velocity of 4.66 m/s. Register 7 has a high

level due to the inherent non-zero angle of attack of the flow on the vanes and a

small inlet area. Register 8 had the lowest level due to its large inlet and outlet area.

Figure 4.2 depicts the dependence of OASPL on the total inlet area of each

register. Figure 4.3 presents the dependence of OASPL on the outlet area. Figuare

4.4 presents OASPL as a function of the ratio between the inlet and outlet area. The

OASPL tends to increase as the outlet area decreases with respect to inlet area.

Figure 4.5 shows the effect of adding individual blades to the housings of

register 5 and register 8. The initial increase in the OASPL with the number of

blades, N, are the same for each register, indicating an N-dependence on OASPL

exists. Thus, for N _- 4, OASPL scales on N115. The higher OASPL of Register 5

can be attributed to a smaller air inlet area. The linear increase in OASPL is

interrupted when the fifth horizontal airfoil was added to register 8. The large

increase in sound pressure level is due to a Strouhal effect. This effect is eliminated

when the vertical struts were aeded to the register. The struts are likely to

decorrelate the local pressure fluctuations along the trailing edge, which reduces the

intensity of trailing edge sound production.
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The shut-off door is an apparent source of a low frequency, velocity

dependent peak for registers 3 and 20. These peaks collapse to a Strouhal Number

between 0.20 and 0.22 calculated using the thickness of the door. This is consistent

with the work done on plates by Sieverding and Heinemann."0 They show that

vortex shedding of subsonic laminar flow over both sides a flat plate, with a square

trailing edge, scales to a Strouhal number of 0.215.



Chapter 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The airfoils mounted in the louver housing radiate more intensely than the jet

alone owing to the dipole mechanisms of flow over surfaces with free edges. On the

average, a sixth power dependence of this dipole noise on flow velocity was found.

Physical changes to the leading and trailing edges of these blades does not

appreciably alter the power law dependence, but it may alter the level of radiation.

When individual blades are added one at a time to make up a louver vent, as

demonstrated with registers 5 and 8, the noise increases in proportion to the number

of airfoils (NW5). The addition of support struts tends to reduce the OASPL. These

struts decorrelate the local pressure fluctuations along the trailing edge, making the

trailing edge of the airfoils a less efficient radiator of sound.

Rearward and forward facing steps molded into individual blades are

predominant sources of radiated sound. By removing them, 3 to 6 dB noise reduction

may occur (register 5).

Inlet and outlet area has a definite effect on the radiated noise level. A small

inlet or outlet area increases the velocity over the louvers resulting in higher radiated

noise levels. If the outlet area is smaller than the inlet area (i.e. the ratio of inlet

80
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area to outlet area is greater than 1.00), the OASPL is increased. This is also due

to the increase in velocity over the blades.

Shut-off doors can a use an increase in low frequency noise levels that

consistently scale on a Strouhal Number of 0.2 based on the thickness of the door.

This is consistent with flat plate experimental data."0

5.2 Recommendations

Investigation into trailing edge shapes known to affect the radiation of sound

from the trailing edge needs to be completed. A beveled trailing edge is

geometrikally simple and known to destabilize the wake vortex." Recent analytical

work has shown that the intensity of the radiated sound from an airfoil can be

attenuated by having sawtooth or sinusoidal trailing edges.' 2 This is achieved by

effectively reducing the spanwise length of the trailing edge.

The effects of inflow turbulence on the radiated sound pressure level

(turbulence ingestion) needs to be looked at in detail because in automotive

applications, the registers are placed at HVAC duct terminations where free-stream

turbulence is expected to be present. If inlet turbulence is found to dominate the

noise emissions, then leading edge modifications may also be required.
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The recommended elements of a quiet register would include: (1) the use of

smooth airfoil shapes with sharp edges, (2) the addition of two or more vertical struts

to ensure the decorrelation of trailing edge pressure fluctuations, and (3) design the

inlet/outlet area for decelerating flow.
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Appendix

SPECTRAL DECOMPOSITION PROCEDURE

Strouhal effects are useful in the interpretation of noise data since they are

related to the fluid mechanics rather than to the acoustic characteristics of the

environment. The interpretation of noise spectra is simplified if the Strouhal effects

can be extracted. A Fortran program was written to decompose the sound level

spectra. A summary of this method and the Fortran code used is contained in this

appendix. A detailed explanation of the procedure is contained in Reference 13.

An abbreviated description of the steps used in the procedure is provided

below:

Acquire sound level spectral densities at different inflow velocities.

Plot the spectra keeping the Strouhal number constant. By the definition of

the Strouhal number, there can be only one point from each spectrum.

Constant Strouhal curves are produced from this step.

Adjust the levels of the constant Strouhal curves to remove velocity

dependence. This results in a G(He) function. The magnitude of this function

is normalized by making the average value of 20log(G), along the lowest

constant Strouhal curve, zero.

Apply a goodness-of-fit estimate to smooth the resulti..g G(He) function.
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The F(St) functions are obtained by subtracting the smoothed G(He) function

from each of the original spectra.

The Fortran code used in this experiment is presented below:

C
C Collapse.f or
C
C This program decomposes the measured radiated noise into the acoustic
C source strength function, F, and the acoustic frequency response
C function, G. Spectra from ten different RPY. are cecowrposed in this
C program.
C
C Paul Sent 5/22/91 Orcinal Program
C walt IKargus 5/06/92 rwdified
C L. A. Perry 6/08/92 M~odified

Cge 9*h**9 e***** 999 ******** ***h

C
DIESOCF1,60,S(o10)SE1,60
DIMENSION SF(l0,1600) ,sST(lo,1600) ,SME(l0,1600)

C* DIMENSION SLPl0160) ,SLA(l0),160P0) SFl16)
DIMENSION VEPK(l0) ,P(0 ~I~

DIMENSION VE1(10),J(0
DIMENSION GJi(500) ,G(l00)
DI.MENSION GNE(SOOO).G(0
DIMENSION COLS (500)
DIESO ENI 50

CHAP.ACTEP.* 3 0 FNAJVE
CHAP.ACTER* 30 GFUNC, GFUN CS , AW-LEV
CHARACTER* 30 SPEC-1, SPECT2,*SPEC-T3 ,SPEC-TA, SPECT5
CVRACTER' 30 SPECT6,*SPECT-7,*SPECTS ,SPECTS9, SPEC-TO
CHARAC`TER*3 0 FSPECI, FSPEC2 *FSPEC3 ,FSPEC4,*FSPE-C5
CFA.RACTER' 30 FSPEC6,FSPEC-7,* SPECS ,FSPEC9,FSPECO

C

C

C !INPVT CONSTAN'T DATA
C
C A SPEED OF SOUND s
c D:AY=RT OF THE Z"ZI- Z
C MHOO STAGNATION AIR DENS:TY kg/z-2
C PREF REFERENCE PRESSURE Pa
C z NMIBER OF IMPELLER BLADES
C

DATA A/340.0/
D ATX P=OO1l.21/
DATA PREF/2E-5/
DATA PI/3.2415S2654/
DATA VEL/3.27,3.S0,4.25,4.66,5.26.5.60,6.07,0.0,0.0,0.0/

C
C READ INSTRUCTION F:LE
C

1~RTE~,*)'PLEASE ENTER INSTRUCTION FILE NXY.E:
PVAD(*,255) FNAME

255 toramat(&30)
vrite(*,*)1Enter in meters desired length scale:'
read(*,*) D
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OPEN (UNIT-1i, FILE-FN-A1E, STATUS-'OLD')
RrAD(Il,t) M.,N. MY~.RZSxKhCVHESrT
RrAD(l1,w) STSTARTSTSTOP,STSTEP
RE-AD(11.96) GrU14C,GruNcs
READ (11,90) SPEC72I FSPECI
READ(11,90) SPECT?2.FsPEC2
Rr.AD(11,90) SPECT3,FSPEC3
RrAD(1 , 90) SPEHCT4,rspECG
Rr.AD(11.90) SPECT5,FSPEC5
READ(11,90) spEcTe,FsPEC6
READ(11,90) SPECT,7,FSPEC7

C READ(11,90) spECTs.rspEce
C READ(11.90) spEcT9,F~spEc9
C READ(11,90) spEcTo,rspLco

CLOSE (UNIT-li)
C

U'RITE(0,200)
200 FORYAT(20X,'READING INSTRUCTION FILE')

C DO 70 1-1,M
C U*R:TE(0.')RPM(I)
C 70 CONTINUE
C
C

OPEN (UNIT-i, FILE-SPECi, STATUIS- 'OLD')
OPEN (UNIT-2, FILE-SPEC?? ,STATUS-' OLD')
OPEN (UN:T-3,*FILE-SPECT3 ,STATUS-'OLD')
OPEN (tnTZ.-4 ,rILE-SPECT4, STATUS-' OLD')
OPEN (UNIT-5, FILE- SPECT.SSTATUIS-' OLD')
OPEN (UNIT-6,FILE-SPECT6,STATUS-'OLD')
OPEN (UNIT-7 ,FIL-SPECT7 ,STATUIS-'OLD')

C OPEN(UNIT-8,FILE-SPECTS,SATUS-'OLD')
C OPEN (UnIT-9,rILE-SPECT-9,STA.TUS-'OLD')
C OPEN (UN:.T-1o .FILE-SPECTOSTATUS-' OLD')
C
C READ IN THE SPECTRA FREQUENCY (SF) AND LEVEL (SL) AT EACH RPP
C

DO 2 1-1,M
DO 1 J-i.N

READ(I,*)SF(I,J) ,SL(I,J)
C TA-ITE(0, *) Sr(I, j) ,SL(I,.j

1 COlNTINUE
C

TW-RTE(0, 2 01)1, VEL(1)
201 FORV.AT(20X,'PZ.ADING DATA F`ILE:',I4,5X,'VZEL: ',F6.2)

C
2 CONTINUE

C
DO 42 I-1,M

CLOSE (UNIT-I)
42 CONTINUE

C
C FIND TYE BLADE PASSAGE FREQUENCY (BPF) AND T:P SPEED (V~TIP) AT EACH RPM
C

C* DO 3 1-1,M
C** %1PF(I)-RPK(I)'Z/60.60

C
C %WRITE(0,*)I,BPF(.),V'TIP(I)
C

3 ClONTINUE
C
C GENERATE TWO NEW% ARRAYS: CHANGE FREQUENCY FROM Hz TO St AND He
C

FACT i- D/A
DO 5 ZIn,Y~
DO 4 5-1,N

SST(I ,J)-sr(x,3) 'D/VE-L(I)
SHE(I,J)m'SF(I,J) 'FACT

4 CONTINUE
S CONTINUE

C
C AD.JUST, THE LEVEL IN EACH SPECTRUM BY THE AMOUN'T FROM THEORY
C
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C CAL.CUL'Tr THE DECIBEL OFFSET REQUIRED IN THEORY
C

** DELF- MAX /REALC(N)
c wk- my definiition of the spl requires delf-i
c DELF-SF(1,10)-SF(1,9)

DELF-I
DBOFF=100ALOG1OCRHOO'RHOO'D.DELF/PREF/PREr/ (A" (XM.ACH))

C
C WRITE(*,*)DELFDBOFF
C

DO 7 l-I'm
DO 6 J-I,N

SLA(IJ)-SL(I,3)-10.'(3.*XMCH)'ALO-OSO(VEL(I))hDBOrF
C
C WRITE(0,*)I,F,SL(I,J),SLA(I,J)
C

6 CONTINUE
VELOFF=10.e(3..XX.ACH)tALOG1O(VEL(I))

C 1%RITE(O.*)RPr.(I),VELOFF
7 CONTINUE

C
C OPEN (UNIT-35. FILE-ADJLEV,STATUSu'UNKNOWN')
C DO 401 3-1,N
C F-REAL(J)*1.5625
C UWRITE(35.')F,SLA(I,J)
C401 CONTINUE
C CI.OSE(UNIT-35)
C
C IN THIS SECTION, POINTS OF CONSTANT STIROUHAL NUMBER
C FROM SPECTRA OF DIFFERENT. RPM WILL BE FOUND
C
C SPECIFY STROUHAL NUMBER RANGE OF INTEREST
C
C STSTART-0.35
C STSTOP-4.0
C STSTEP-0.025
C
C SEARCH EACH SPECTRA FOR POINTS OF CONSTANT STROLHAL NUMBER
C

ST-STSTART
ITER-1

C
C HEL02-ST*BPF(I) ED/A
C HEFl 1-ST*BPF CM) 'D/A
C HEKIN-HELO2.
C

DO 23 1-1,M
31 (1)-
:2 (1)-i

23 ýON`TINUE
C

DO 9 I-I'lm
DO a J-1YN

:F(SST(I,J).GE.STA)GOTO 10
a CONXTINUE

10 11(1)-1
9 CONTIXUE

C
HELOI1SHE (1.31(1))

HD'.IN-HElO
C

DO 25 Ie1,M
GME(I)-SHE(I,JI(I))

c write(*,')i~j1(i) ,she(i.jl(i)) ,ghe(i)
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25 CONTINUE
C

INDrx-,!
C
C INCREMENT THE STROUHAL NUMBER AND AGAIN SEARCH FOR POINTS OF
C CONSTANT ST
C

ST-ST+STSTEP
C
C 99 HEL02-ST*BPF'1)'D/A
C HEH12-ST*BPF CM) 'D/A
C

99 DO 12 7-1,M
DO 12 3=I,N

IF(SSTCIJ).GE.ST)GOTO 13
11 CONTINUE
13 J2(I)-J
12 CONTINUE

C
HELO02-SHE(1.072(I))
HEH1I2-SHE(M..J2(CM))

C
C DO 50 I-In.M
C IRITE(0,-)ITER
C W-RITECO,')SHE(I,J1(I)) ,SLA(I,J1(I)),SST(I.31(l))
C 50 CONTINUE
C DO 51 1-1,M
C W'RITE(o,')SH(E(I,J72(I)).SLA(I,J2(l)),SST(IJ2(I))
C 51 CONTINUE
C

!F(ITER.GT.1)GOTO 98

C FIND AVERAGE ADJUSTED LEVEL OF THE DATA FOR LOWEST STROUHAL NUMBER
C
C SUMX- 0.
C DO 14 I-I'm
C SUM - SUM.+SLACI,J1 (:))
C 14 CONTINUE
C
C AVG - SUM/REAL(F.)
C OFFSET - AVG
C
C COMPUTE THE AREA OF OVERLAP SETEEN THE CURVES
C - USE TRAPEZOIDAL RULE
C
C
C FIND AREA IN OVERLAP REGION UNDER LOWER ST CURVE
C

98 AREA12-0.
ATEY.P1-0.

C
DO 25 I-I'1,

IF(SHECI,31(Z)).EQ.MELO2)GOTO 17

IF(SP.E(I,J1(I)).GT.HELO2)GOTO 16
i5 COI:T..NUE

C
C FINID AREA IN OVERLAP REGION UNDER LOWER STROUHAL CURVE
C

16 CALL IN-TERP(SHECIM1,J1CIX1)),HELOZ,SMECI,J1(I)),SLACIMl,JI(IK.1)),
IISLA (I I31 (1)) ISLATLwP)

C

EPI-X+1
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is CONTINUE
AREA1-AREA1I4ATEMP1

C

AREA2O0.
XTEMP2O0.
0O 19 11,'m
Iml1--1
ZY2-1-2
1F(SHE(I,J2C1U).EQ.HEHI2)GOTO 21
ir(SHE(I,3'(I)).GT.HEHII)GOT0 20

19 CONTINUE

20 CALLINEPSEI12(K). HISHI,2I)SAI12IY))
&SLA (1,Z2 (1))SLATrX.P)

21 Do 22 A-1,IV2

A6REA2- REA2+(SLA(),J2(K))+SLAC)KPI,J2(KPI)))/2.-(SHE(KP1,Z-2(KPI))
& -SHE(K,32 CM)))

22 CONTINUE
AREA2-AREA2*ATDtXP2

C
C CALCULATE THE AREA BETWEEN THE CURVES AN4D AMOUNT OF SHIFT
C

DELAREA-AP.2 -MARE
)hehoff-hehil-heI02

if (hehoff-gqt.0.0) then
SHIFT-DELARZA/ (FrY.11-HEL02)

else
SMIFrT-DELAREA/ I. 0

endif
DBSHFTHDBSHIFT*SHIFT

C
C 'WTITZ(0, -) AREA1, AREA2, DELAREA, SHIFT
C
C ADJU7LST THE LEVEL OF THE HIGPER ST CURVE BY SH:FT AMOUNT
C STORE RESULT IN ARRAY FOR G FUNCTION
C

DO 26 I-1,Y.
11-INDEX-1
cpr(:I)-sHE(z,J2 (1))
GL(:.I)-SLX(I,J2 (I) )-DBSHIFT

26 CONTINUE
INDEX-1I

C
C RESET VALUES BEFORE INCREMENING TO NEXT STPOUHAL NUMBER
C

ITER-ITER-1
HZL01-H.EL02
HEMJI1MEF!2
AREA2IO.0
AREA2-0. 0
ATEMPI0. 0
ATEFP20. 0

C
DO 27 1-1,M
31 (I)-.2 (I)

27 CONTINUE
C

ST-ST+STSTEP
IF(ST.LE.STSTOP)GOTO 99

C
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C THE LEVEL OF THE G FUNCTION HAS BErN FOUND OVER THE FREQUENCY
C R.ANGE OF INTEREST
C
C SMOOTH THE G FUNCTION SO IT CAN BE SUBTRACTED
C EASILY FROM THE ORIGINAL SPECTRA
c
c

HEP.AX-HEH112
DELHE (HEKAX-HEMIN) /RES

c
C WRITE (0,-) HMIN, HD'.AX, DELHE

C
C IFAX IS THE NUMBER OF POINTS FORMING G FUNCTION
C IBIN IS THE NUMBER OF HELMHOLTZ NUFBER BINS TO USE
C

IK.AX-INT (REAL(M) *(STSTOP-STSTART) /STSTEP)
IBIN-INT (RES)

C
BINL.O-HEIN
I COUN'T-C
SUM-O.O

C
DO 40 J-1,IBIN
GLS(J)-O.O

40 CONTINUE
C

DO 29 3-1.IBIN
EINH.I-BINLO+DELHE
DO 28 11I,IKAX

C
c Wr-ITE(O,')GHE(I) ,BINLO,BINHI
C

IF(GHE(I) .GE.BINLO.AND.GHE(I) .LT.BIN-HI)THEN
ICOt7NT-ICOUN.T4l
SUM-SUM+GL (I)
END IF

28 CONTZI-UE
IF (ICOUNT.r.EQ.0) THEN

OLS (3) -LS (3-1)
CENBIN (3)- (BINLO+BINHlI) /2.
GOTO S2
EN4D IF

CEN'BIN (J)- (BINLO-BI.NHI) /2.
GLS (3)-SUM/REAL(ICOUN'T)

C
C WRMITE(O,')GLS(J)
C

92 BIN'LO-BINHI
I COUN'T-C
SUM-0.0

29 CON`TIN`UE
C
C THE SMOOTHED VALUE OF THE G FUNCTION HAS BEEN FOUND ThN A
C SPECIFIED NUMBER OF HELJMHOL-TZ NUMBER BINS
C
C NOW F:X THE LEVEL OF THE G FUNCTION AT A SPECIFIED
C HELO4OLTZ NUMBER
C

DO 300 I-1,IBIN
C -R:TE (0, -) CVBIN (1) ,HESET

IF(CENBIN(I) .GE.HESET)THEN
OFFSET-GLS (I)
-R-TE (0,311) OFFSET

311 FORMAi(20X,'oFFsrT:'.1X,F12.3)
GOTO 3C2
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E14D IF
300 CONTINUE

C
302 DO 301 J-I.IBIN

GZLS (J)GLS (3)-OFFSET
301 CONTINUE

C SUBTRACT THE SMOOTHED G FUNCTION FROM' THE INITIAL SPECTRA
C TO DrT.ERM.INE THE LEVEL OF THE F FUNCTION
C
C
C WRITE (0,*) HEtVIN, HEXAX
C

WRITE(0,2 03)
203 FORY.AT(20X. 'COMPUTINC F FUNCTION')

DO 30 1-1,M
F-1
HEBOT-HEX'IN
DO 31 J-1,N
IF(SHE(IJ).-LT.HEBOT)GOTO 31
IF(SHE(I,J) .GT.HEYHAX)GOTO 30

33 HE-TEVP-HEBOT+DE:XE
IF (SHE (1,J) . CT. HETEMP) THEN

HEBOT-HETAEVP
GOTO 33
END IF

SLF (1,J) -SL f , J) -10 -*()XACH.4.3. )*AL~OGI0(VEL (1) -DBOFF-GLS (K)
e + OFFSET
C tRaTE(0,*)IJ,SLF(I,J)

31 CONTINUE
30 CON.T:NUE

C
32 CONTINUE

C
C THE LEVEL OF THE F FUNCTION HAS BEEN DETERMINED
C
C WRITE OUTPUT TO DATA FME

OPENh(tnfl-2.Fi-FINC-.TUN,STATLUS-'UNKN~lOWN')
OPEN (UNIT-13.,FILE-GFUNCS,STAT.US-'UNKNOWI4')

C
C FZIRST WRITE ALL THE POINTS CONPRISING THE G FUNCTION ESTIYATE
C ALSO SUBTRACT THE OFFSET TROY, THE POINTS COMPRISING THE G FUNCTION
C

DO 83 w.My
GLCK)-GL(K) -OFFSET

83 CONTINUE
C

DO 34 K1.I?'XX
WARITE(12,-) GHE(K) ,GL(K)

34 CONTINUE
C
C WRITE THE SMOOTHED G FUNCTION
C

IRES-REXL (RES)
DO 35 I-1.:R-ws
froo-cenbirn(i) * a/4

WRIEC1,')freq, CENBIN(I),GLS(l)
3 5 CONTINUYE

C
CWRITE EACH OF THE F FUNCTIONS

C
OPE-N (UNIT- 1 ,FILE-FSPEC1, STATUIS- 'UNKNOW-N')
OPEN (UNIT-?? ,FILE-FSPEC-2, STATUS'IUNKNO4WN')
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OPEN (UNIT-23,*FILE-FSPEC3 ,STATUS- UNKNOW'N')
OPEN (UNIT-24 ,FIL.LFSPEC4 ,STATUS-'UNKNOWIt')
OPEN (UNIT-2 S *FILE-FSPEC5S *SVTUS' L'1,KNOW1N')
OPEN (UNIT=26 *FILE-FSPEC6, STATVS 'UNKNOWI%'')
OPEN (LNIT-27 * ILEPFSPEC7,*STATVS 'UNiNOWN')

C OPEN (UNIT=28,*FILE-rSPECS ,STATUSw'UIZYNOWNI)
C OPEN (UN17-29,*FILEPFSPEC9 *STATUS IU14KNOWN')
C OPEN(UKIT-3O.IE-FSPEC0.STATUS-IUNKJNOWNI)
C

DO 36 1-1,M
DO 37 .7-1,N

IOPEN=20*I
IF(SST(I,J) .LT.STSTART)GOTO 37
IF(SST(IJ) .GT.STSTOP)GOTO 36
WR'TE(IOPEN,*)SF(I,3) ,SHE(I,J) ,SST(I,J) ,SLF(I,J)

37 CONTINUE
36 CONTINUE

C
C

CLOSE (UNMT12)
CLOSE(UNITz13)

C
DO 41 Iil,r.

ICLOSE-2O+1
CLOSE (UNIT-ICLOSE)

41 CONTINUE
C
C FORM.T STATEV"ENTS
C

90 FORY.AT(SX,2A20)
96 FOMYJ1 T (5X, 2A 20)

C100 FOR! AT (1X, F7. 2 ,9Y,F6.3)
100 FOPJ'.ATCSX,F1 .3,1OX,F1O.3)

C
STOP
END

C

C

C THIS SUBROUTINE IS FOR LINEAR INTERPOLATION OF DATA
C F IS THE VALUE TO BE INTERPOLATED FOR, A,B,C,D AND E ARE KNOWN

-~ AD
C B F

c C E
C

T'.E'(B-C)*(D-E) /(A-C)
RETURN
END


